Introduction
GPCRs (G protein coupled receptors) are widely distributed in the CNS where they regulate critical functions by signaling with their G proteins. In response to the ligand-activated GPCR, G q engages second messenger systems that control multiple CNS activities, including information processing, learning and cognition [1] [2] [3] . G q stimulates PLC-β lipase activity to increase levels of inositol-1, 4, 5-trisphosphate (IP 3 ) and thereby mobilize the release of
Ca
2+ from intracellular stores. The increase in diacylglycerol (DAG), with or without an increase in Ca 2+ levels, stimulates protein kinase C (PKC) activity [4] . Hypo-signaling by the G q -linked M 1 muscarinic acetylcholine receptor has been linked to the dementia of Alzheimer's disease [5] . GPCRs continue to be the major focus of most CNS drugs [6] . Greater efficacy, selectivity and safety may come from a better understanding of the processes that determine response to activated G q .
Cellular response to the ligand-activated GPCR has generally been scrutinized in the context of a GPCR working through a specific G protein subtype and its effector [7, 8] . This relationship does not adequately describe the signaling dynamics that generally take place in activated cells. The pattern of increase in cytosolic levels of Ca 2+ by G q -linked ligands for example is known to be complex and consistent with multiple levels of regulation.
Physiologically relevant concentrations of
Ca 2+ mobilizing ligand evoke repetitive Ca 2+ transients or oscillations [9] [10] [11] . This oscillatory response contrasts with the large and sustained increase in cytosolic Ca 2+ concentration that is generally studied at high doses of ligand. The frequency of Ca 2+ oscillations has been shown to be regulated by the ligand concentration.
Both the identity of the ligand and cell-specific regulatory processes have also been found to shape the oscillations. Downstream targets appear to be tuned to the frequency of the oscillation. G proteins therefore digitalize the Ca 2+ signal, converting analog information (ligand concentration) to a frequency encoded message.
The conversion of the Ca 2+ signal to a digital format has important consequences for signal transduction. The sharp threshold for response, characteristic of digital signaling, ensures that leaky activation is prevented [10] . Spurious responses do not occur. A digital signal also has high resolution and stability, enabling transmission across long distances. How the potentially assemble and regulate the Ca 2+ oscillator. Some GPCRs have been shown to co-signal with all four G proteins subtypes to regulate response [12, 13] .
This letter will explore the potential relationship between the Ca 2+ oscillator, G protein co-signaling and response in the context of our recent observations. We found that G q efficacy is regulated by phosphatidic acid (PA), a signaling mediator generated downstream of activated G 12 and RhoA [14, 15] .
We propose that G protein co-signaling is a fundamental mechanism that regulates global response. G protein co-signaling allows a GPCR to assemble and dynamically regulate the interactions that form the Ca 2+ oscillator. GPCR co-signaling is a potentially high impact clinical target.
The signaling landscape
The molecular basis for ligand-induced oscillations in levels of cytosolic Ca 2+ has been the subject of much modeling and discussion.
PLC-β lipase activity is a strong candidate mechanism. Oscillations in G q regulated PLC-β lipase activity could regulate the Ca 2+ transients.
Support for this hypothesis comes from the observation that agonist induced oscillations in cytosolic Ca 2+ levels depended on oscillations in the levels of IP 3 [16] [17] [18] . The levels of DAG [19] and activity of PKC [20, 21] were also shown to oscillate. The concurrent rhythmic behavior of DAG is consistent with oscillations in the rate of IP 3 synthesis rather than metabolism.
Oscillations are thought to arise from the formation of stable self-organizing structures that are kinetically distinct from background signaling events [22] . Processes deemed essential for oscillatory behavior include synergism and inter-play between feedback mechanisms. Synergism is necessary to attain the threshold for stimulation [10] . The frequency of oscillations is determined by the interaction between non-linear positive and negative feedback mechanisms.
Our observation that G q efficacy is synergistic with PA, a signaling mediator generated downstream of activated G 12 and RhoA [14, 15] may provide a missing piece to this puzzle.
G protein co-signaling is a mechanism that could bring together multiple interactions that collectively assemble to regulate oscillations in PLC-β 1 lipase activity (Figure 1 ). Oscillations in PLC-β 1 lipase activity are generated and sustained by the synergism and feed-back mechanisms controlled by a GPCR co-signaling with G q and G 12 and possibly other G proteins. Rhythmic behavior in lipase activity in turn shapes oscillations in the levels of IP 3 , Ca
2+
, DAG and the activity of PKC.
The greater the ligand concentration, the higher the frequency of oscillations and impact on the signaling landscape. Dynamic regulation by cosignaling allows the GPCR to adjust the frequency and therefore cellular response as determined by cell-dependent regulation. stimulates adenylyl cyclase activity to increase levels of cyclic AMP [7, 8] .
GPCR-G
This convenient classification blurs when attempting to predict effector response to
GPCRs that co-signal with multiple G protein subtypes [12] . GPCRs that signal via G q can 
PLC-β and G q
The four G q regulated PLC-β isoforms, PLC-β [1] [2] [3] [4] , for Gα q stimulated lipase activity.
A novel role for PLC-β GAP in regulating signaling dynamics has recently been proposed [26] . The dual function of PLC-β as both a GAP and effector for Gα q can actually result in an increase in GPCR signaling efficiency through kinetic scaffolding. The general view holds that GAPs deactivate signaling [23] . The GAPmediated increase in Gα q GTPase activity has been proposed to kinetically scaffold with GPCR GEF activity. The interaction between GPCR, Gα q and PLC-β is kinetically stabilized. This three protein complex, GPCR, G q and PLC-β 1 , was found to be resilient to dissociation over several GTPase cycles [27] . PLC-β GAP activity may therefore permit the ligand-activated GPCR to retain control of G q signaling.
Finally, PLC-β may also competitively regulate how Gα q interacts with its large family of binding partners. Gα q interacts dynamically with PLC-β 1-4 , RGS proteins, G protein regulated kinase 2 (GRK2), p63RhoGEF
and phosphatidylinositol-3 kinase. GRK2, like PLC-β, is both an effector for Gα q and a GAP for Gα q . GRK2 could therefore also regulate GPCR signaling efficiency. Altering the interaction between Gα q and its many binding partners could alter signaling kinetics and physiological outcome [28] .
The PLC-β 1 and PLC-β 3 isoforms are highly expressed in the telencephalon and cerebellum, respectively [29, 30] . Disruption in the murine PLC-β 1 gene resulted in epileptic seizures [31] , abnormal anxiety profiles and memory impairment [32] . Loss in human PLC-β 1 expression has been reported and found to be associated with early-onset epileptic encephalopathy [33] . The extent that the observed phenotypes reflect disruption in the function of PLC-β 1 as a lipase, GAP or binding partner for Gα q has not been evaluated.
Appropriate avenues of treatment depend on understanding the relationship between phenotype and the multiple functions of PLC-β.
Synergism with phosphatidic acid
We demonstrated that Gα q stimulated PLC-β 1 lipase activity was synergistic with PA, a phospholipid mediator generated downstream of the G 12 and RhoA-regulated phospholipase D1 (PLD1) in transfected COS-7 cells [14, 15] .
Regulation by PA required a unique PLC-β 1 PAbinding motif that mapped to a defined region within the C-terminal tail [15, 34] . Neither basic nor hydrophobic residues were essential for regulation by PA. Stimulation by PA was enhanced by titration with Ca , as determined by in vitro studies using purified proteins [35] . 
Phosphatidic acid
Levels of PA increase rapidly in response to the ligand-stimulated increase in PLD activity [37] . Diacyglycerol kinases (DGK) also produce PA [38] and the role of this family of kinases in regulation will be discussed latter. The two major mammalian PLD isoforms, PLD1 and PLD2, were found to differ in their regulation and coupling to intracellular signaling networks. PLD1 but not PLD2 activity was stimulated by the G 12 activated RhoA. Only the PLD1 isoform has been linked to synergism with Gα q stimulation as dependent on the PLC-β 1 PA binding region [15] . The extent that PLD1 and PLD2 may co-ordinate to regulate stimulation of PLC-β 1 (and perhaps PLC-β 3 ) will be important to determine. The G 12 subtype consists of two members, Gα 12 and Gα 13 , which can uniquely regulate cellular response [8] .
Which member may contribute to regulation by co-signaling has not been determined.
In addition to PLC-β 1 , PA has been shown to regulate a broad spectrum of targets that include lipases, kinases and GAPs [39] . A consensus sequence for regulation has not been identified but regulation generally appears to depend on a short linear sequence.
The PA-binding domain therefore differs from the defined globular structures that have been shown to bind phosphoinositides [40] . Unlike PLC-β 1 , many but not all targets depend on electrostatic interactions for regulation by PA 
Phospholipase C-ε
G 12 mediates RhoA-dependent stimulation of PLC-ε lipase activity [42] . PLC-ε is additionally regulated downstream of G i through Gβγ and G s through exchange protein activated by cyclic AMP (Epac). PA was also shown to stimulate PLC-ε activity [43] . PLC-ε represents another candidate effector for regulation by G protein co-signaling.
PLC-ε was found to be associated with the process of neuronal differentiation but high levels of PLC-ε expression continued to persist after differentiation [44] . While the function of PLC-ε in neurons remains unclear, it is possible that an increase in PLC-ε lipase activity could generate a pattern of Ca 2+ oscillations that differs from PLC-β. In Rat-1 fibroblasts for example, the agonist stimulated increase in PLC-β 3 and PLC-ε lipase activity was found to occur in a temporally distinct manner [45] .
Deactivation by PKC
PKC has been shown to participate in negativefeedback regulation of Ca 2+ oscillations but mechanisms have remained unclear [10] .
PKC-mediated disruption in the synergism
for stimulation of PLC-β activity is a novel mechanism that could deactivate the Ca 2+ oscillator. PKC was found to inhibit stimulation of PLC-β 1 lipase activity by Ca 2+ [46] , Gβγ [47] and PA [36] . PA synergizes with Gα q to stimulate PLC-β 1 lipase activity [36] . Stimulation of the PLC-β 3 isoform by Gα q and by Gβγ was also shown to be inhibited by PKC [48] . Gα q and Gβγ synergize to stimulate PLC-β 3 lipase activity [49] .
PKC constitutes a large family of lipid- The localized control of signaling is thought to depend on the coupling of PKC activity to oscillations in cytosolic Ca 2+ levels [51] . In astrocytes, glutamate stimulation induced a rapid oscillation in cPKC translocation that was dependent on oscillations in both the levels of DAG and Ca 2+ [20] . The cPKC activity, as measured by phosphorylation of a membrane associated reporter substrate, was found to oscillate, lagging a few seconds behind the Ca 2+ oscillations [21] .
The localized increase in Ca 2+ and DAG levels also appeared to restrict the translocation of cPKC to specific regions on the membrane in response to ligand [19, 52] . In vitro studies
show that the fatty acyl composition of DAG can determine stimulation of PKC activity [53] . 
Conclusions and Future

Con ict of Interest
None Figure 3 . G protein co-signaling could bring together multiple interactions that self-organize to regulate oscillations in PLC-β 1 lipase activity and levels of cytosolic Ca
2+
. The G 12 -RhoA -PLD1 generated PA synergizes with activated Gα q to lower the threshold for stimulation of PLC-β 1 lipase activity, as dependent on the PLC-β 1 PA -binding motif. PLC-β hydrolyzes its substrate, phosphatidylinositol -4,5-bisphosphate (PIP 2 ), to increase the levels of IP 3 is re-sequestered to the ER and/or pumped out of the cell. These actions of PKC however are attenuated by DGKζ which converts DAG to PA. Regeneration of IP 3 and Ca 2+ cyto levels occurs due to recovery of regulation by synergism. In this way the frequency of the oscillations in IP 3 and Ca 2+ cyto levels is regulated by the co-ordinated interplay between PKCα, DGKζ, G 12 , RhoA, PLD and G q as mediated by PA and dependent on the PLC-β 1 PA binding motif. This multiprotein complex is stabilized by kinetic scaffolding and anchoring by signaling lipids, PIP 2 , PA and DAG.
